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TSE DESIGiT 07 C00LIEG- DUCTS VITH SPECIAL BE TERENCE 
TO SHE BOUNDARY LAYBE AT THE ISLET 
3y S. Katssoff 



SUilflAET 



A stud:' has been made of underslung cooling ducts 
with special reference to the problems presented by the 
boundary layer on the fuselage skin. It was found that 
good flow can be obtained in auch ducts by (l) making 
the inlet opening of such size that the mean inlet veloc- 
ity is about 0.6 the free-stream velocity and (2) provid- 
ing vauee behind as well as ahead of the radiator. Ta- 
bles to facilitate design are included, together with an 
exr-nple • 



IJ?H0D T JCTI0H 



On a number of modern airplanes the cir inlet for 
the cooling system is located on the fuselage at some dis 
tance from the nose. Experience with this type of instal 
lation haB indicated that, unless certain precautions are 
taken in its design, the drag will be excessive. Owing 
to the existence of the boundary layer on the fuselage 
skin, special problems arise regarding (l) the size of 
the duct inlet and (s) the arrangement of guide vanes 
within the duct. These problems have been studied with 
the aid of some wind-tunnel experiments, and two duct de- 
signs have been tested in order to show the validity of 
the proposed solutions. Tables are included giving the 
relationship of the various duct dimensions and the spac- 
ing of the guide vanes for a range of boundary-layer con- 
ditions existing on a fuselage. 



SYMBOLS 



V velocity 

q dynamic pressure 

p static pressure, with reference to free-stream 
static pressure 
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E total pressure, p + q. 

w kinenatic viscosity 

x distance from nose of fuselage 

distance from fuselage skin 

S area 

"2 drag 

S "boundary- layer thickness 

dp pressure drop across radiator 

k Ap/a for the radiator 

i height, of rectangular duct inlet 

e height of rectangular duct cutlet 

r height of rectangular radiator 

volune of cooling air flow per second 

Subscript; 

o. free stream 

PHnTCIPLES OS 1 EBSIGU ■ 



£he optinrxi duct inlet .- Unlike the expansion of the 
air flow in front of r.n LLuCii cowling, the. permissible .ex- 
pansion in front of a fuselage-duct inlet is United "by 
the fact- that the "boundary layer will "break away fron the 
skin if it is subjected to too large an adverse pressure 
gradient (fis. l) . Che inlet nust therefore "be of such 
size that the cooling air required for the design condi- 
tion expands as much as possible in front- of the inlet 
without "break-away; too ; large an opening not only occa- 
sions losses in the flow into- the opening "but also, un- 
less the nose of the duct is- curved sharply inward, causes 
"break-away of the flow over the nose, as indicated in fig- 
ure 1. 



The optimum vane arrangement .- Inasmuch as only a 
Halted velocity reduction 1b permissible in front of the 
duct inlet, the reduction must, for low-velocity cooling, 
he continued within the duct. Usually this expansion 
must he quite rapid, for In general only a small space 
will he available for the entire cooling installation. 
An expansion angle of about 10° (two-dimensional) , such 
as is frequently used for maximum efficiency, is thus im- 
possible because of the length of duct required. However, 
by the use of vanes, a large-angle expansion can be di- 
vided into several small-angle expansions with a reason- 
able efficiency. 

Zere again, however, the boundary layer introduces 
a complication. Thus consider (fig. 2a) that the air 
entering tho t'.uct is divided into two equal parts and ex- 
panded in two adjacent passages. The air entering the 
upper section has the lower dynamic pressure; accordingly, 
after t.'ie s-pansion it has the lower static pressure, and 
this difference still exists behind the radiator. Such a 
sitv.ation is clearly impossible, as the two adjacent stream 
of air behind the radiator must have the sane static pres- 
sure. Actually, in such a case, the air flow adjusts it- 
self to that shown in figure 2b. The flow into the lower 
section increases while that into the upper section de- 
crease?. Che expansion and radiator losses, which are 
roughly proportional to the equare of the velocity, in- 
crease in the lower section and decrease in the upper sec- 
tion, so that the two air streams now leave the radiator 
at th3 sa^i9 static pressure. If the radiator has a rela- 
tively hi^h resistance, only a slight read jus tmont of the 
flow qua-tities occurs; if the radiator has a relatively 
lov resistance, the readjustment may leave practically no 
flow in the upper section, in which case half the radiator 
would be useless and the advantages of low-velocity cool- 
ing would be destroyed. The usual radiator has a resist- 
ance sufficiently low for this latter condition to be ap- 
proached. 

□he flow may be made to divide equally, hot/ever, by 
means of a short vane behind the radiator, forcing a con- 
tinuation of the forward vane, adjusted to restrict the 
outlet of the lower section (fig. 2c) . The velocity at 
the lower outlet is thus increased, so that the static 
pressure is reduced to that at the outlet of the upper sec- 
tion. 
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EXPSHIHEUTAL 



•find- tunnel testa .were made in order to obtain quan- 
titative information regarding the permissible expansion 
of a tvrbuient boundary layer in front of a duct inlet, 
and aluo to verify the efficacy of. the proposed arrange- 
ment of rear vanes. 

□he work was done in the l/15-scale model of the 
iTACA full-scale wind tunnel, converted for these tests to 
a closed rectangular tunnel 2 by 2.75 feet (fig. 3). The 
duct wis nounted in the floor of the test section, which 
thus represented the fuselage skin. The air speed was 
about SO nileB per hour for all the tests. Turbulent 
"boundary layers of various thicknesses were produced on 
the floor of the test section by placing various obstruc- 
tions across the floor of the entrance cone. Double 
celluloid windows were provided in both sides of the duct 
in order to jierait tuft observations. The rear half of 
the top of tL'e duct was hinged, for adjustment of the 
rear openin g. Two different resistances wars used .to 
siaiulate the radiator, a 40-mesh copper screen for which 
Ap/q. was 4.0 and three layers of 100-raesh brass screen 
for which Ap/q was 40. The Ap/q of the latter re- 
sistance greatly exceeds that for a Prestone or oil radi- 
ator; however, it is approached by some intercooler s . The 
inlofc opening was 3.25 inches for the tnsts with the low- 
resistance screen, and 2.75 inches for the tests with the 
hi;,h-resistance screen and for the boundary-layer expan- 
sion tests. Both screens and vanes were removed for the 
boundary-layer expansion tests. 

Plow ueasurements were made by means cf small total- 
pressure and static tu'oes. Determinations of the total 
drag of the duct installations were made by means of a 
rahe of 40 total-head tubes, 1/8 inch apart, mounted on 
the floor of the tunnel about 5 inches behind the duct 
outlet . 



EXPAITSIOi" AT TE3 IuLET 



The expansion of the air in front of the duct inlet 
was effected by restricting the duct exit. The behavior 
of the boundary layer was observed by means of a tuft on 
the floor of the inlet and also, by means of survey tubes 
in the inlet. 



The condition of optimum expansion was found diffi- 
cult to identify. As the* exit was restricted through the 
separation range., the tuft, flickered more, and .more to the 
front, finally pointing steadily forward in a completely 
reversed flow, there was no sharp separation point. Also, 
the air-flow measurements appeared to "become more and more 
inaccurate and inconsistent with increasing expansion, so 
that it was impossible to determine the energy losses. 
The readings "became part icularly errat ic , with indications 
of excessive losses, when the average amplitude of the 
tuft flicker was much over 30°; so the condition of opti- 
mum expansion was somewhat arbitrarily identified as that 
for which the average amplitude through which the tuft 
flickered was about 30°. This arbitrary criterion 1b be- 
lieved to be satisfactory inasmuch as the range of accept- 
able conditions appeared to be fairly narrow. 

The velocity distributions in four turbulent boundary 
lasers of different thicknesses and the velocity distri- 
bution at the inlet when each had been expanded are shown 
in fi-jure 4. The average inlet velocities for theBe con- 
ditions were about 0.6 the free-stream velocity. The cor- 
responding total- and static-pressure distributions in the 
inlet are also shown. It will be noted in the figure that 
5 is defined, not as the largest distance from the skin 
for which a measurable velocity deficiency exists, but as 
that value for which the equation 



fits the main part of the velocity profile. 

The generality of the results of these boundary-layer 
tests may be questionable inasmuch as such phenomena vary 
with Reynolds number. The results discussed in the fol- 
lowing section, however, are probably nearly independent 
of scale. 




EXPA1TSI0H" "rflTHI^ THE DUCT 



In the tests that were made to determine the effi- 
cacy of the rear guide vanes, a relatively thick boundary 
layer was used (6/i « 0.S5). The front vanes were ar- 
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ranged to permit one-fourth of the total flow to enter 
smoothly into each of the four passages and to limit the 
expansion angles. of the passages to 10°. The rear vanes 
vere arranged, in accordance with the theory already dis- 
cussed, so that the flow in all four passages would he 
the sane. She equal distribution of the flow in all four 
passages was checked hy the equal pressure drops across 
the screen. 

Total- and static-pressure measurement a were made 
at the inlet and outlet and behind the duct to determine 
the internal and external losses of the duct. Por com- 
parison, tie tests were repeated with the rear vanes re- 
moved. 

?.e guI t s . - The Jones drag equation 

D = 2 / </q (v^ - J5) dS (l) 



applied at any section gives the drag of everything up- 
stream of that section. The difference between the drags 
so calculated for the air leaving the duct and for the air 
entering the duct is thus the drag chargeable to the in- 
side of the duct. The difference for the air several 
inches aft of the outlet and several inches ahead of the 
inlet represents the drag of the entire duct installation. 
The difference between the drag of the entire installation 
and the internal drag represents the losses over the outer 
surface of the duct together with the exit losses at the 
rear. The exit losses appeared to be negligible since the 
difference was found to be approximately accounted for, in 
every case, by the skin friction of the external duct sur- 
face. 

Table I contains an analysis of the duct drag for the 
cases of rear vanes in and out. The total drag of the 
duct with rear vanes in was taken as 100 percent. The ef- 
ficiencies were computed on the basis of the minimum punp 
work QAp across the screen rather than the increment in 
drag, as found by equation (l) , across the screen (refer- 
ence l) . Tor the low-resistance screen, the duct effici- 
ciency was reduced from 34 percent to 24 percent by re- 
the rear vanes. ?or the high-resistance screen, 
the vci'vc'loi was from 65 peroent to 50 percent. On an 
actual installation the drag contribution of th> external 
duct surface may be somewhat reduced, with a corresponding 
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increase in efficiency, if the duct 1b more completely- 
submerged in the fuselage. It should be noted that not 

_ the entire friction drag of the duct surface hut only 

the excess over that of the fuselage skin vhich it re- 
in places is chargeable to the duct, 
w 
to 

^ "."ith the rear vanes in place, the flow was essen- 

tially equally divided among the four passages, The 
distributions of the flow for the cases of rear vanes out 
are shown in table II. The low flow observed in the sec- 
ond passage, for the low-resistance screen, is probably 
due to the losses in breaking over the nose of the center 
vane, as Indicated in figure 2b. It may be remarked that, 
although the nonunif ormity of the flow reduces the duct 
efficiency, it may not greatly reduce the cooling, which 
depends mainly on the total flow. 



2ESIG:T DIMZITSIOUS 



The design of the passages is determined by the dis- 
tribution of velocity and totel pressure in the expanded 
boundary lr.yer at the inlet. It is assumed that the flow 
is divided equally among the passages, and the average 
total pressure at the inlet of each passage is obtained. 
It is -lien assumed that the average total pressure- in each 
poEucje decreases during the er.pcir. s ion by 12 percent of 
the average c.ynanic pressure at the inlet (reference 2). 
2be loss across the rat-iator, which is the same, for each 
layer, is computed from the hncwn radiator characteristics 
and the velocity at the radiator. The total pressures 
and velocities behind the radiator are now known. The con 
strictions at the ends of the . passages' are designed ac- 
cording to Bernoulli's equation so that the same static 
pressure will exist at- the ends of two adjacent passages. 
Jor calculation of these Internal duct dimensions behind 
the radiator, losses due to mixing at the junctions are . 
neglected. Tor calculation of the average total pressure 
(and hence the average velo-city) at the exit, these losses 
are assumed to be half as much as the expansion losses in 
the forward passages. 

ZTormulas for the design -of ducts have been computed 
for the four inlet conditions shown in figure 4'. The re- 
sults are given in tables Ilia and Illb for ducts divided 
into three and four passages, respectively, the expansion 
angle in each passage being assumed to be 10°.- Jor ducts 
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divided Into onl7 tvo passages, the formulas for the loca- 
tion of the center vanes of the f our-passage duct nay he 
used. For the preliminary estimate of 6/i, an approxi- 
mate value for i may he found hy assuming the inlet ve- 
locity to he ahout 0.6 the free-stream velocity; the esti- 
mation of 6, however, will generally require some study 
of the conditions. The results Of reference 3 indicate 
that, for modern single-engine airplanes, 6 will Da 
given with satisfactory accuracy by the formula 

l/e */s 
6 = 0.37 ( x 



ay 



It has been assumed here that the radiator and pas- 
sages are rectangular in cross section, the analysis hav- 
ing been essentially tv/o-dlmens ional . If they are not 
rectangular, the design of the rear vanes may be modified 
by simply substituting relative areas for relative heichts . 
The inlet of the duct should be of uniform height in any 
case, for it was found that if there was spanvrise varia- 
tion in the total pressure of the air entering an expand- 
ing duct, the air having the lowest total pressure broke 
away a short distance down the duct and spoiled the flow. 

Example . - The -given procedure has been applied to the 
following case: 

Hadiator cross section . 25 inches by 16 inches (r = 16 in 
£E 5.0 

q 

Cooling air required . . 20,000 cubic feet per minute 

Air speed 400 miles per hour (587 fps) 

tfidth of inlet and out- 
let 25 inches 

Position of inlet ... 12 feet aft of fuselage nose 

Assume the expansion to be effected with three passages 

The computations proceed in the following steps (table 
Ilia): 



= 0.37 (-LY".,*" . 0.37 P' 3 *- U£lf 12 *'« 
V T 0 / \ 587 ' 

= 0.126. foot = 1.52 Inches 
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,. A PPr osl B atel y , 1- - *™\ 0j6 ,^-6.45 lnc„,. 

3. 5. a 1>52 , = 0.28, which is intermediate between the 
i 5.45 

first two cases of the table 

4. n = 20000 X 144 ■ - 0.205 

60 X 587 25 X 16 

5. h = n — « 0.205 - 0.70; hf - 3.74 inches 

n/o.044 + n a voTo44 + 0.042 
2n 0.41 

6. f = 1 * h — = 1,7 = 0.43; f (l+h)§ = 3.9 inches 

Vo.27 + n a ^0.27 + 0.042 

7. -2- = n — = 0.205 _ 0#264 . e = 4.2 inches 

1 -n/o.31 - 6n 3 -/O.ei - 0.21 

8. - = — Si-. = 0 • ? - Q 5 = 0.336; i = 5.4 inches 
r 0.61 0.61 

9. = 0.40; g = 2.2 inches 

10. -j = 0.35; J = 1.9 inches 

11. I = 0.36; I. = 1.9 inches 

EE MARKS OH DBS I GIT 

die following points may he noted with regard to de- 
sign: 

1. The nose of the- duct (including the sides) should 
be well rounded and curved slightly inward in order to per- 
mit smooth flow of the diverging air over it. 

2. She nose of the first vane should be slightly aft 
of the inlet in order to permit the flow to etraighten out 
before meeting. It. 
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3. The vanes must be "built, to withstand the differ- 
ences in static pressure across them (directed toward the 
fuselage). For the rune nearest the fuselage* the differ- 
ence cay he of the order of 20 percent of the free-stream 
dynamic pressure. The static pressure within the duct, 
tending to "blow it away from the fuselage, 1b of the order 
of the full free-stream dynamic pressure. 

4. The 3ide8 of the duct should "be faired into the 
fuselage sliin so that the rotating slipstream may flow 
over it smoothly. " 

5. A flap should be provided, for the climb condi- 
tion, that will permit the outlet to be enlarged several 
times. A flap on the inlet will permit a slight further 
increase in the cooling air for climb, but the presence 
of the vanes will complicate the .design. 



Lan^ley Memorial Aeronautical Laboratory, 

National Advisory Commit tse. for Aeronautics, 
Langley Field, Va. 
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TABLE I 

Duct. Drag Analysis 

[Drag in percent of the total drag for the condition 

of rear vanes inj 





AP 

c 


: 4 


Ap 

T " 40 




Bear vanes 


E ' 

Hear vanes 


Bear vanes 


Hear vanes 




in 


out 


in 


out 


Expansion lose 


23 


1 


9 




lioss across screen 


37 


> 115 


.75 


^ 116 


Losses "behind screen 


12 


J 


3 




.Drag or duct sides 










and top 


23 


28 


13 


13 


C?otal 


ICO 


143 


100 


129 


Ideal drag 


34 


34 


55 


65 


Efficiency, percent 


34 


24 


65 


50 . .,. 
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TABLE II 

Distribution of fflow, Rear Vanes Out 
[Values in percent of total flout) 



Section 


tt. 4 


- 40 






q 


Top 


56 


39 


Second 


14 


33 


Third 


25 


21 


Bottom 


5 


7 


Total 


100 


100 



TABLE Ilia.- Three-Passage Euct Dimensions 

Given: r, height of radiator 

k, ^ for radiator 

n velocity at radiator 
free-stream velocity 

S, boundary layer thickness 



A = 0.35 
. .. 1 


L = 0.31 


y = 0.50 


£ = 0.94 
i 




n 


n 


n 


h / n 

7 .030 + n 3 


7.05? + n 2 


7.0e5 + n 2 


7.076 + n 3 


2n 


2n 


2n 


2n 


1 + h 


1 + h 


1 + h 


1 + h 


7. 25 + n 2 


7.28 + n 2 


7.23 + n 2 


*/. 19 + n 2 


e n 


n 


n 


n 


r 7.32 - kn 2 


7.80 - kn 2 


7. 77 - kn 2 


7.66 - -kn 3 


i n 


n 


n 


n 


r 0.63 


0.59 


0.57 


0.50 


0.40 


0.40 


0.40 


0.40 


- .35 

i 


.34 • 


.33 


.32 


1 

- . 36 


. 37 


.38 


.39 



EABL3 IIIo„- 



IFour-Passage Duct Dimensions 



G-iven : 



a, 



height of radiator 
— f- for radiator 



velocity at radiator 
f res-strear. velocity 

8, boundary layer thickness 



= 0.25 



6 _ 



= 0.31 



-E. = 0.50 
i 



A = 0.94 
i 



a 



V.014 4- n 3 



*/T03S + n s 



0S3 + n" 



.048 



n 



v7.36 -!- n : 



a/. 19 + n s 



n 



n 



J. 18 + n'' 



7. 14 + n 2 



n 



n 



1 + a 



1 + a 



v VI + b/ 



1 + a 



1 + a 



r 



7.82 - kn 3 



n 



«y.*80 - kn ; 



.77 - kn 



-« 2 



'/.£6 ~ kn 3 



i. 
r 



o.s; 



0.59 



0.57 



0.5C 



d 
i 



0, 55 



0.55 



0. 55 



0.55 



1 


.35 


.34 


.34 


j .,39 


.29 


. 50 


.30 


t 

■r .27 


.27 


.28 


• 2 3 


j .26 


. 26 


.25 


.25 




Figure 1.- The breakaway of * boundary layer 
before an oreralce duct Inlet. 
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(a) Flow equally divided, sear vane absent, an Impossible 
oondition. 

(b) Flow unequally diTided, rear vano absent. 

(o) Flow equally divided, rear vane placed to oonstriot 
tne lower passage. 

figure 3.- The flow of a boundary layor in a divided duot. 
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figure 4.- Characteristics of the optimum axpanalon of four turbulent 
boundary lay art. 
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